Abstract-The use of solutions containing carboxymethyl-␤-cyclodextrin (CMCD) or CaCl 2 for enhancing the removal of Hg from a sandy soil was investigated using batch and column experiments. The retention of Hg appeared to be controlled by specific adsorption reactions, which greatly constrained Hg removal when using water (KNO 3 solution) to flush columns packed with contaminated soil. The results showed that the two reagents did enhance the removal of Hg from the soil. For example, 81% and 60% of Hg was recovered after 50 pore volumes of flushing with 50 mM CaCl 2 and 2 mM CMCD, respectively, compared to 24% recovery for a 10 mM KNO 3 solution. However, significant tailing and delayed recovery of Hg during the elution process occurred in the presence of all reagents, indicating that the removal of Hg from the soil was rate limited.
INTRODUCTION
Heavy metal-contaminated soil is a common problem constraining cleanup at hazardous waste sites in the United States. More than 60% of the sites on the U.S. Environmental Protection Agency (U.S. EPA) Superfund National Priorities List include contamination from toxic heavy metals [1] . Because many heavy metals of concern generally are strongly sorbed by soils, technologies for metal decontamination have focused on solidification/stabilization processes, wherein metals are immobilized to minimize their migration and bioavailability [2] . The long-term stability of stabilized/solidified metal species is a major concern for such approaches [2] . Recent advances in the removal of heavy metals from contaminated soils using aqueous flushing solutions containing reactive agents suggest this approach has promise as an alternative remediation technology [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Though several agents have been proposed as soil flushing agents, chelating agents such as ethylenediaminetetraacetate (EDTA) have been investigated most frequently [4] [5] [6] [7] [8] . Ethylenediaminetetraacetate acid is a relatively strong chelating agent and generally effectively removes heavy metals from soils. However, EDTA also may dissolve iron and manganese oxides, as well as calcium carbonates and sulfates [4] . As a result, soil permeability can be reduced considerably when EDTA is used [6] , which may constrain the potential of using EDTA in subsurface remediation. Other problems also have emerged with the use of EDTA. Treatment and reuse of EDTA solutions generally is difficult and expensive. In addition, EDTA has limited biodegradability and there are health and safety concerns regarding its use [5] .
We have investigated the use of a microbial-produced solubilization agent, carboxymethyl-␤-cyclodextrin (CMCD), for enhanced removal of heavy metals from soil [10, 11] . One * To whom correspondence may be addressed (brusseau@ag.arizona.edu).
advantage that CMCD has compared to chelating agents such as EDTA is that CMCD can remove both heavy metals and low-polarity organic contaminants from soil [11] . This capability may prove useful given that approximately half of all superfund sites are cocontaminated with organics and metals [12] . In addition, cyclodextrins generally exhibit low reactivity with soil, do not appear to be influenced by pore-exclusion processes [13, 14] , and exhibit generally low toxicity.
Calcium chloride also has been shown to efficiently remove heavy metals such as Pb and Cd from soils by a combination of ion exchange and ion-pair formation [5, 9] . Unlike EDTA, CaCl 2 typically does not cause reductions in soil permeability. Calcium has minimal toxicity at relatively high concentrations, and there is no drinking water standard set for this element.
Mercury is one of the most toxic metals found in the environment. Major anthropogenic sources of Hg to the environment include emissions from coal mining, fossil fuel combustion, and chloralkali production. Such sources represent 20% of the total Hg (ϳ10 6 kg) emitted annually [15] . The mobility and accumulation of mercury in most soils is influenced significantly by formation of strong complexes with soil organic matter [16] [17] [18] [19] [20] [21] . The strong retention of Hg by soil organic matter may constrain the use of in situ flushing for treating Hg-contaminated soils. However, in situ flushing may be effective for low organic matter sandy soils. The purpose of this paper is to investigate the potential of CaCl 2 and CMCD to remove Hg from a sandy soil with low organic matter content.
MATERIALS AND METHODS

Chemicals
Mercury nitrate (99%), potassium nitrate (99%), nitric acid (90%), and calcium chloride (99%) were purchased from Aldrich (San Diego, CA, USA). Carboxymethyl-␤-cyclodextrin Removal of mercury from soil using cyclodextrin and chloride (MW:1375) was supplied by Cerestar (Hammond, IN, USA) and used as received (no purity reported). Cyclodextrins are cyclic oligosaccharides formed from the enzymatic degradation of starch by bacteria. A unique property of cyclodextrins is that they have a relatively apolar cavity and a polar external surface, and thus form water-soluble inclusion complexes with low-polarity organic compounds (Fig.  1) . Cyclodextrins have been shown to enhance the desorption, dissolution, and biodegradation of organic contaminants in soil and aquifer systems [11, [22] [23] [24] . The CMCD is a modified ␤-cyclodextrin that has multiple carboxyl groups (14 in this case) that can complex cationic metals [10, 11] . The pH of a 1% (7.27mM) CMCD solution is 6.8.
A sandy soil (Vinton, Tucson, AZ, USA) was used in this study. The percentages of organic matter, sand, silt, and clay are approximately 0.10, 95.7, 2.2, and 2.1, respectively. The pH and cation exchange capacity of the soil are 7.8 and 51.3 meq/kg, respectively. The soil was dried at room temperature and sieved to remove the fraction greater than 2 mm in diameter prior to use.
Soil preparations
Mercury-contaminated soil was prepared as follows: 175 pore volumes of a solution containing 10.7 mg/l (0.534M) Hg (in the form of nitrate) and 10 mM KNO 3 (as the background electrolyte) was pumped into a plexiglass column (2.5 cm i.d., 5.0 cm length) containing the soil. The concentration of Hg in the column effluent was determined by cold vapor atomic adsorption spectrometry [25] . The final concentration of Hg in the soil was calculated to be 230 mg/kg (2.29 meq/ kg) based on the difference between the mass of Hg injected and the mass recovered. The Hg levels retained by Vinton soil are within the range of concentrations observed for contaminated sites. For example, Hg concentrations in soil have been reported from 75 mg/kg at slightly contaminated sites to as high as 123,000 mg/kg at heavily contaminated sites [26] [27] [28] . The Hg-contaminated soil was removed from the column, mixed thoroughly, and dried at room temperature.
Batch experiments
To determine the impact of KNO 3 (control), CaCl 2 , and CMCD on Hg removal, duplicate 1-g samples of Hg-contaminated soil were placed in 50-ml polypropylene tubes. Ten ml of 10 mM KNO 3 solution, containing varying concentrations of CaCl 2 or CMCD (0 to 50 mM) were added to each tube. This soil-to-solution ratio produced an equivalent Hg concentration of 23 mg/l in each tube. All samples were placed on a gyratory shaker to establish equilibrium. The results of preliminary experiments indicated that equilibrium was established within 2 h. After shaking, the soil suspensions were centrifuged at 10,000 rpm, filtered with 0.2 m membrane filters, and analyzed for Hg. For consecutive extractions, supernatants were separated from soil and fresh extractant solutions were added to each tube and the extraction process repeated.
Miscible-displacement experiments
Miscible-displacement experiments were conducted, following previously established methods [11, 13] , to investigate the desorption and elution behavior of Hg in the presence of KNO 3 (10 mM), CaCl 2 (50 mM), and CMCD (2 mM) solutions. For each of the latter two solutions, 10 mM KNO 3 was used as the background electrolyte. The contaminated soil columns were prepared as described above. The solutions were pumped through the column at a flow rate equivalent to 30 cm/h (3.0 pore volume/h). The effluent was collected and the concentration of Hg in the effluent was determined as above. The amount of Hg recovered during soil flushing was calculated by integrating the areas beneath the resulting elution curves.
RESULTS AND DISCUSSION
Speciation and transport of Hg
Aqueous speciation of 10.7 mg/l (0.534 M) Hg(II) in the 10-mM KNO 3 solution as a function of pH was evaluated using a computer program, PHREEQC (http://wwwbrr.cr.usgs.gov/ projects/GWCcoupled/phreeqc/ [29] ). The predominant mercury species was predicted to be Hg(OH) 2 at pH values Ն5 (Fig. 2) . The Vinton soil has a pH of 7.8, which decreased to 7.0 after the soil was packed into the column, conditioned with 100 pore volumes of 10-mM KNO 3 solution, and saturated with 175 pore volumes of solution containing 10.7 mg/l Hg and 10 mM KNO 3 . Thus, Hg(OH) 2 aqueous Hg(II) species in the system. This conclusion is consistent with the results of previous studies [30] [31] [32] [33] [34] [35] .
The transport of Hg in the Vinton soil was retarded significantly with respect to that of water (see Fig. 3 ), with a retardation factor close to 100, which indicates strong, reversible retention of Hg. The retention of Hg during transport may be attributed to the adsorption of Hg(OH) 2 [35, 36] . The mechanisms involved in the specific adsorption of hydroxometal species have not been established fully. Several researchers investigating the adsorption of Hg(II) on (hydr)oxides have reported that stable inner-sphere surface complexes (e.g., surf-OHgOH 0 , surf-OHg , surf-OHg ϩ ,
Ϫ
[OH] 2 surf-OHgOCl Ϫ ) and outer-sphere complexes (surf-O Ϫ -HgOH ϩ ) were found to occur from the reaction between surface hydroxyl groups (denoted as surf-O) and Hg(II) species, depending upon pH and chloride concentration [32, 34] . For example, Sarkal et al. [34] used the triple layer model to successfully simulate Hg adsorption on quartz by incorporating the formation of both outer-sphere surface complexes (surf-O Ϫ -HgOH ϩ ) and inner-sphere surface complexes (surfOHg ) in the pH range of 3 to 9. For pH Ͼ 5, the results
[OH] 2 also showed that formation of surf-SOHg predominates
Because Hg(OH) 2 most likely is the predominant aqueous species in our system, and given the neutral pH of the Vinton soil, the formation of surfOHg likely is a major source of Hg retention in our Ϫ (OH) 2 system. Conversely, cation exchange reactions do not appear to play a significant role in the retention of mercury for our system.
The breakthrough curves for transport of Hg in the soil columns consistently exhibited a plateau at C/C 0 ϭ 0.7 (Fig.  3) . This type of behavior is indicative of an apparent irreversible loss of Hg from solution during transport. More than one hypothesis can be proposed to explain the observed loss of Hg. One hypothesis involves the precipitation of Hg(OH) 2 . As discussed above, the predominant aqueous Hg species likely is Hg(OH) 2 , which has an aqueous solubility of 126 mg/l (0.537 mM) [36] . Given that the influent (i.e., maximum) solution concentration of Hg during the experiment was 10.7 mg/l (0.053 mM), it is unlikely that Hg(OH) 2 precipitated and caused the apparent irreversible loss of Hg from solution. Another, more likely explanation for the loss of Hg is the irreversible binding of Hg to soil organic matter.
It is well known that the affinity of Hg for humic acid controls the distribution of Hg species in most soils with high organic matter content. The affinity of Hg(II) for different soil components is found to follow the order humic acid Ͼ MnO 2 Ͼ clay minerals Ͼ Fe 2 O 3 Ͼ SiO 2 [16, 18] . Several studies have reported that Hg tends to bind strongly to sulfur-containing functional groups in soil organic matter because of its soft Lewis acid characteristics, and that this binding process greatly limits Hg desorption from soil [17] [18] [19] . In addition, Yin et al. [28, 37] suggested that the diffusion of Hg through micropores of soil organic matter may be a principal factor responsible for observed irreversibility of Hg retention. These mechanisms also can be responsible for irreversible loss of Hg in soils with low organic matter content. For example, Yin et al. [28] investigated the kinetics of mercury adsorption by soils varying in organic matter content. One of the soils (e.g., Freehold sandy loam, NJ, USA) used in their study had a very low organic matter content and other properties (92% sand, 5.9% clay, 2% silt, and 0.1% organic matter) similar to the Vinton soil used in this study. For the Freehold sandy loam, 79% of the total sorbed Hg was released from the soil at the end of 8 h of desorption, leaving 21% as apparently irreversibly adsorbed. Yin et al. [28] repeated the same experiment after the soil organic matter was removed from the Freehold soil using H 2 O 2 , and showed that almost all adsorbed Hg was released (99%) from soil at the end of 8 h of desorption. This clearly indicates that small fractions of soil organic matter can contribute to substantial, apparent irreversible loss of Hg from solution.
Overall, the Hg retained in the soil system likely exists as a combination of mineral surface complexes and organic-matter bound complexes. It is hypothesized that adsorption of Hg(OH) 2 to soil mineral components accounts for the reversible retention of Hg during transport, while the binding of Hg to sulfur-containing groups of soil organic matter and possible diffusion into the soil organic-matter matrix is responsible for the apparent irreversible loss of Hg from solution.
Extraction of Hg from soil: Batch experiments
The results of the batch experiments revealed significant differences in the extraction of Hg from the soil for the various reagents. One M nitric acid extracted 94.6% of Hg from the soil. In contrast, 50 mM CaCl 2 (in KNO 3 ), 2 mM CMCD (in KNO 3 ), and 10 mM KNO 3 (control) extracted 29.2%, 10.6%, and 8.3% of the Hg, respectively. An important factor controlling the extraction of Hg from the soil is pH [38, 39] . The addition of 1.0 M nitric acid decreased the pH in the soil to less than 1, under which conditions Hg(OH) 2 is converted to more soluble species such as Hg(OH) ϩ and Hg 2ϩ [18] . The interaction of Hg(OH) ϩ and Hg 2ϩ with soil surfaces depends on surface potential, which is also a function of pH. At very low pHs (pH Ͻ 3), most soil surfaces have high positive potential, which would result in strong repulsive interaction with positively charged species [38, 39] . Thus, a high recovery of Hg was expected and obtained with 1.0 M nitric acid. Conversely, the pH values of the soil suspensions in the presence of the other reagent solutions were higher than 7.0. In this case, the presence of Hg(OH) 2 appears to reduce significantly the extraction efficiency of the nonacid reagents.
Interactions between Hg(OH) ϩ /Hg 2ϩ and the carboxylic acid groups of CMCD allow the latter to enhance Hg removal from the soil. The removal is mediated by the dynamic equilibria that exist between Hg(OH) 2 /Hg(OH) ϩ and Hg(OH) ϩ / Hg 2ϩ . The metal-extracting capability of CaCl 2 in general can be attributed to both the ion exchange effect of Ca 2ϩ and the complexation effect of Cl Ϫ . Newton et al. [40] proposed that Cl Ϫ may be a stronger desorbing agent than Ca 2ϩ based on two observations obtained from a series of experiments: 0.01 M NaCl or 0.01 M HCl removed much more Hg from bentonite than did 0.01 M Ca(NO 3 ) 2 ; and the three Cl Ϫ salt solutions (CaCl 2 , NaCl, and KCl) removed about the same quantities of Hg(II), suggesting little influence of the cation. In addition, the predominant Hg(II) species in our system is assumed to be Hg(OH) 2 , which is not exchanged by Ca 2ϩ . Hence, the extracting ability of CaCl 2 in our system primarily may be attributed to the complexation effect of Cl Ϫ . As shown by Hahne and Kroontje [36] and Newton et al. [40] , ,
2Ϫ
HgCl 4 , and HgCl 2 complexes are formed at relatively high Cl Ϫ Ϫ HgCl 3 levels (Ͼ10 mM CaCl 2 ). As predicted by the PHREEQC simulation, these chloro-Hg complexes are expected to be the predominant forms of Hg(II) species present for the CaCl 2 system (pH of 50 mM CaCI 2 is 5.94). Hanhe and Kroontje [36] predicted that at pHs 4 and 5, Cl Ϫ concentrations of 0.1 and 0.4 mM, respectively, are sufficient for all Hg(II) to be in the form of HgCl 2 . The HgCl 2 species have been found to be poorly adsorbed by most inorganic surfaces [35, 38, 39] .
Removal of Hg from soil: Miscible-displacement experiments
The elution curves for Hg in the presence of 10 mM KNO 3 , 2 mM CMCD, and 50 mM CaCl 2 are shown in Figure 4 . Both CMCD and CaCl 2 produced significant increases in the effluent concentrations of Hg in comparison to 10 mM KNO 3 . The peak concentrations appeared at 2.8 and 3.6 pore volumes for 2 mM CMCD and 50 mM CaCl 2 , respectively. The delay of the peaks is due to sorption and resultant retardation of the reagents.
The peak concentrations of the elution curves represent the maximum effluent-concentration enhancements of Hg in the presence of the various reagents during the elution process (see Fig. 4 ). Dividing the reagent concentrations by the corresponding peak concentrations of Hg, we find that 5.75 mM CMCD and 124.7 mM CaCl 2 are required to extract 1 mM of Hg from the soil. Hence, on a molar basis, CMCD is a more effective extractant than CaCl 2 . This comparison also can be made on a mass basis, in which case the relative order of the reagents remains the same: CMCD (8.6 g/l) Ͼ CaCl 2 (13.8 g/ l).
The differences in molar efficiencies obtained for the two reagents are caused primarily by differences in complexinggroup content among the reagents. For example, the multiple number of carboxylic acid functional groups associated with CMCD allows it to complex a maximum of six divalent ions per molecule for the specific orientation of CMCD [11] . Conversely, each mole of CaCl 2 can complex only 1 mole of a divalent cation.
The molar efficiencies can be normalized to account for the differences in sorption and complexing-group content among the reagents. The normalized efficiencies are calculated to be 17.2 and 62.4 (mmol reagent/mmol Hg) for CMCD and CaCl 2 , respectively. In other words, 0.06 mmol of Hg(II) are complexed per mmol of carboxcylic-acid functional groups for CMCD, and approximately 0.02 mmol of Hg(II) are complexed/removed per mmol of CaCl 2 . The lower efficiency associated with CaCl 2 is consistent with carboxylic acid being a stronger complexing moeity than Cl Ϫ . As observed from Figure 4 , significant tailing occurred during the elution process for all three systems. The recovery rates for Hg increased quickly in the beginning of elution and then slowed at extended times (see Fig. 5 ). This phenomenon suggests that the removal of Hg was significantly rate limited. This may be due to rate-limited desorption of the specifically adsorbed species.
CONCLUSION
Both CMCD and CaCl 2 enhanced the removal of Hg from a sandy, low organic-matter soil relative to water flushing. For example, 81% and 60% of Hg was recovered after 50 pore volumes (ϳ17 h) of flushing with 50 mM CaCl 2 and 2 mM CMCD, respectively, compared to 24% recovery for a 10 mM KNO 3 solution (water flush). On a molar basis, CMCD was a more effective extractant than CaCl 2 . Removal of mercury from the soil in later stages of the column experiments appeared to be rate-limited for all three agents used.
The results of this study suggest that the two reagents may have potential for enhancing the removal of Hg from contaminated soils. The use of CMCD for mixed-waste sites is of special interest, given that it can be used to remove both metals and organic compounds. However, the use of these reagents in soils with high organic matter content may be problematic due to the high affinity of Hg for soil organic matter.
